Several high-performance liquid chromatography (HPLC) methods have been described for the determination of caffeine in human plasma. However, none have been cross validated using synthetic plasma. The present study describes a simple and reliable HPLC method for the determination of the caffeine level in human plasma. Synthetic plasma was used to construct calibration curves and quality control samples to avoid interference by caffeine commonly present in donor's human plasma. After deproteination of plasma samples with perchloric acid, caffeine and antipyrine (internal standard, IS) were separated on a Waters Atlantis C18 column using a mobile phase of 15 mM potassium phosphate (pH 3.5) and acetonitrile (83:17, v/v), and monitored by photodiode array detector, with the wavelength set at 274 nm. The relationship between caffeine concentrations and peak area ratio (caffeine-IS) was linear over the range of 0.05-20 µg/mL. Inter-run coefficient of variation was ≤ 5.4% and ≤ 6.0% and bias was ≤ 3% and ≤ 7% using human and synthetic plasma, respectively. Mean extraction recovery from human plasma of caffeine and the IS was 91% and 86%, respectively. Caffeine in human plasma was stable for at least 24 h at room temperature or 12 weeks at -20°C, and after three freeze-thaw cycles. The method was successfully applied to monitor caffeine levels in healthy volunteers with correction of caffeine levels using the mean ratio of the slopes of the calibration's curves constructed using human and synthetic plasma.
Introduction
Caffeine (1, 3, 7-trimethylxanthine) is consumed in food and beverages throughout the world and widely used as a stimulant in humans (1) (2) . Peak plasma concentration of 15.9-18.7 µg/mL usually occurs 0.5 h after the ingestion of 500 mg of caffeine (3) (4) .
Caffeine levels in human plasma have been determined mainly by high-performance liquid chromatography (HPLC) following a clean-up procedure using solid-phase or liquid-liquid extraction (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . Because sample clean-up procedures are usually timeconsuming and rate-limiting, protein precipitation with zinc sulfate or perchloric acid has been used for fast sample preparation and disruption of protein-drug binding (16) (17) (18) (19) . For the purpose of method validation, it is necessary to obtain drug free plasma for the preparation of calibration curves and quality control samples, which is extremely difficult in the case of caffeine. Abstinence for at least four times the elimination half life (i.e., 16-20 h) is necessary (3) . Synthetic plasma has been constructed to store red blood cells and platelets (20) .
In the present study, a reversed-phase (RP) HPLC method was cross validated using synthetic plasma, to determine caffeine levels in the therapeutic range in human plasma. The method was successfully applied to monitor caffeine levels in healthy adult volunteers. Further, the stability of caffeine was determined under various conditions generally, encountered in the clinical laboratory.
by passing through a Synergy Water Purification System (Millipore, Bedford, MA). Drug-free human plasma was obtained from the blood bank of King Faisal Specialist Hospital and Research Center (KFSHRC) Riyadh, Saudi Arabia.
Chromatographic conditions
The mobile phase consisted of 15 mM potassium phosphate (pH 3.50 ± 0.05, adjusted with phosphoric acid) and acetonitrile (83:17, v/v). It was filtered through a 0.45-µm polytetrafuloroethylene (PTFE) filter (Waters Corporation) and sonicated for 5 min. The analysis was carried out under isocratic conditions using a flow rate of 1.0 mL/min. Chromatograms were recorded at 274 nm with a run time of 10 min.
Synthetic plasma preparation
The synthetic plasma consisted of sodium chloride (145 mM), potassium chloride (4.5 mM), calcium chloride (32.5 mM), magnesium chloride (0.8 mM), urea (2.5 mM), and glucose (4.7 mM) (20) . It was stored at 4°C and used within two weeks.
Standard solutions and quality control samples
Caffeine stock solution was prepared in water (100 µg/mL) and stored at -20°C. Working solutions were prepared in drug-free human plasma or synthetic plasma (20 µg/mL). Nine calibration standards were prepared in human plasma or synthetic plasma in the range of 0.05 to 20 µg/mL. Antipyrine (IS) working solution was prepared in 30% (v/v) perchloric acid (40 µg/mL). Three quality control samples were prepared: low (0.15), middle (10) , and high (18) µg/mL. The solutions were vortexed for one min then 0.5 mL aliquots were transferred into 1.5 mL eppendrof microcentrifuge tubes and stored at -20°C until used.
Plasma samples collection
The method was developed and validated for a clinical trial comparing the bioavailability of 300 mg caffeine presented as such or as placebo (clinical trials, gov, number NCT 00426010). The study was conducted in accordance with the Declaration of Helsinki and approved by the Research Ethics Committee of King Faisal Specialist Hospital & Research Centre, Riyadh Saudi Arabia. Blood samples were collected from healthy volunteers after abstaining from caffeine for 16 h and after a single oral administration of 300 mg caffeine. They were collected in heparinized polypropylene tubes and centrifuged for 10 min at 3500 rpm under a controlled temperature of 20°C. The plasma supernatant was carefully collected in polypropylene tubes and frozen at -20°C until analyzed (within 6 weeks from collection).
Samples preparation
Two hundred microliters of the IS working solution were added to 500 µL of the plasma samples, calibration standards, or quality control samples in a 1.5 mL microcentrifuge tubes. The tube was vortexed for 20 s then centrifuged at 12000 rpm for 10 min. The supernatant clear layer was collected and 100 µL were injected into the chromatographic system using an autosampler.
Method validation
The method was validated in both human and synthetic plasma according to the FDA guidelines for industrial bioanalytical method validation (22) . The method involved cross validation which is a comparison of validation parameters when two or more bioanalytical methods are used to generate data within the same study or across different studies. The predetermined validation criteria included: specificity, accuracy, precision, linearity, and stability.
Results and Discussion

Optimization of chromatographic condition
Under optimal experimental conditions, a mobile phase of 15 mM potassium phosphate (pH 3.50) and acetonitrile (83:17, v/v), and a flow rate of 1.0 mL/min, caffeine, antipyrine (IS), and plasma components exhibited a well defined chromatographic separation (resolution factor more than 1.2) within a run time of 10 min. The retention times of caffeine and the IS were around 4.7 and 8.8 min, respectively. Figure 1 depicts chromatograms of synthetic and human plasma spiked with caffeine and the IS.
Specificity
Specificity is the ability of an analytical method to differentiate and quantify the analyte in the presence of other components in the sample. Potential interfering substances in plasma samples include endogenous components, metabolites, and decomposition products. Fourteen batches of blank plasma were screened to assess potential interferences with caffeine and the IS. There was no interference with the IS peak. However, only one batch of plasma was found to be free from caffeine. This batch was used for preparation of calibration standards and quality control samples for the current study. Seven commonly used drugs (acetaminophen, diclofenac sodium, omeprazole, nicotinic acid, ascorbic acid, ibuprofen, and ranitidine) were also screened for potential interference; none co-eluted with caffeine or the IS.
Limit of quantitation and linearity
The caffeine free plasma was used to determine the limit of quantitation (LOQ). The LOQ was defined as the lowest concentration on the calibration curve that can be determined with acceptable precision and accuracy (i.e., coefficient of variation and relative error < 20%). The LOQ of caffeine in human plasma was 0.05 µg/mL, whereas the lowest detection limit (LOD) was 0.02 µg/mL. The LOD and LOQ were also calculated using the equations LOD = N/B × 3 and LOQ = N/B × 5, where N is the noise [determined as SD of peak area ratio (n = 3) at caffeine concentration 0.05 µg/mL] and B is the slope of the calibration curve. The calculated LOD and LOQ ranged from 0.017 to 0.027 and 0.029 to 0.046, respectively.
Linearity of the analyte was evaluated by analyzing a series of standard concentrations over the range (0.05-20 µg/mL) in human and synthetic plasma. The peak area ratios were subjected to regression analysis. Data are given Table I . The mean equations were y = 0.1516x -0.0093 and y = 0.1712x + 0.004, for human and synthetic plasma, respectively. The difference between the slopes (0.1516 in human plasma and 0.1712 in synthetic plasma) clearly indicates that LOQ in synthetic plasma is lower than in human plasma. We considered a value of 0.05 µg/mL as LOQ for both kinds of plasma, because the aim was to compare the responses under identical conditions. Figure 2 depicts an overlay of chromatograms of extracts of 0.5 mL human plasma spiked with the internal standard and one of nine concentrations of caffeine (in the range of 0.05-20.0 µg/mL).
Plasma sample preparation and recovery
Recovery of an analyte in an assay is the detector response obtained from an amount of the analyte added to and extracted from the plasma, compared to the detector response obtained for the true concentration. In order to study the recovery of caffeine and IS from plasma, we evaluated the effect of protein precipitation with different concentrations of perchloric acid (10-40%, v/v). The optimal extraction recovery was obtained with 30% (v/v) perchloric acid. To calculate absolute recovery of caffeine, 5 sets of samples (0.15, 10, and 18 µg/mL) were prepared in human plasma or in mobile phase and the peak areas were compared. Similarly, the recovery of the IS was determined by comparing the peak areas of the IS in 5 aliquots of human plasma spiked with 8 µg of the IS with the peak areas of equivalent samples prepared in mobile phase. The results are presented in Table II . Mean analytical recovery was 91% for caffeine and 86% for the IS. The relative recovery of caffeine from human plasma compared to synthetic plasma was calculated using the mean slopes of the curves constructed in human and synthetic plasma (23) . A mean slope ratio of 0.89 was obtained.
Cross validation/intra-run and inter-run precision and accuracy
According to predetermined criteria (22) , accuracy and precision were determined using five replicates for three concentrations in the expected range (0.15, 10, and 18 µg/mL). The results are presented in Table III . The maximum coefficients of variation and bias were 6.4% and 5.9%, and bias was 7% and 3%, in synthetic and human plasma, respectively. The results indicate that the method was reliable within the studied concentration range.
Stability studies
The stability of caffeine in plasma and processed samples, during the analysis and usual storage conditions were investigated. No significant decrease in the measured concentration or change in chromatographic pattern was observed. Stability data are summarized in Table IV .
Freeze and thaw stability
Stability of caffeine was determined over three freeze and thaw cycles. Fifteen aliquots of each of the two QC samples (0.15 and 18 µg/mL) were stored at -20°C. After 24 h, all aliquots were left to thaw unassisted at room temperature. When completely thawed, 5 aliquots of each QC sample were analyzed. The other aliquots were returned to -20°C and kept for 24 h. The same procedure was repeated three times. The concentrations in the freeze-thaw samples were compared with the concentrations of freshly prepared and analyzed samples. The results showed that caffeine in plasma is resistant to at least three cycles of freeze and thaw (stability 95-102%).
Processed sample stability
Fifteen aliquots of each of the two QC samples (0.15 and 18 µg/mL) were processed. Five aliquots of each QC sample were analyzed immediately. The other aliquots were analyzed after being stored at room temperature for 24 h or at -20°C for 48 h. The results showed that caffeine is stable in processed samples for at least 24 h at room temperature (92-98%) and for at least 48 h at -20°C (92-103%).
Long term stability
Thirty five aliquots of each of the two QC samples (0.15 and 18 µg/mL) were prepared. Five aliquots of each QC sample were analyzed immediately. Five aliquots of each QC sample were allowed to stand on the bench-top for 24 h at room temperature before extraction. The results indicate that caffeine is stable in plasma for at least 24 h at room temperature (94-103%). Five aliquots of each QC sample were stored at -20°C for 1, 3, 6, 8, or 12 weeks before analysis. The results showed that caffeine in plasma is stable for at least 12 weeks at -20°C (98-102%). Caffeine in stock solution (0.1 mg/mL in water) was also stable for at least for 24 h at room temperature (102%) and for at least for 12 weeks at -20°C.
Application to volunteer samples
Plasma samples from volunteers were processed according to the method and subjected to HPLC analysis. The concentration of caffeine was calculated from the synthetic plasma calibration curve using the standard equation: y = mx + c, where (y = peak area ratio; m = slope; and c = concentration) then corrected by multiplying it by the mean slopes ratio (human plasma/synthetic plasma) of 0.89. Mean (SD) caffeine level in 67 healthy volunteers was 0.28 (0.48) µg/mL after abstaining from caffeine containing food and beverages for 16 h, and increased to 10.58 (2.39) µg/mL, 3 h after the ingestion of a single dose of 300 mg caffeine. Figure 3 depicts an overlay chromatogram of samples collected before and 3 h after the intake of 300 mg caffeine by one volunteer.
Conclusion
The described method, combining the use of a simple plasma protein precipitation procedure and synthetic plasma, provides sensitive, accurate, and precise measurement of caffeine levels in human plasma in the therapeutic range. * Stability (%) = mean measured concentration (n = 5) at the indicated time divided by mean measured concentration (n = 5) at baseline × 100. † Spiked plasma samples were precipitated and analyzed immediately (baseline, data not shown), after 24 h at room temperature (24 h RT), after freezing at -20°C for 12 weeks (12 weeks -20°C), or after 1-3 cycles of freezing at -20°C and thawing at room temperature (freeze-thaw), or precipitated and then analyzed after storing for 24 h at room temperature (24 h RT) or 48 h at -20°C (48 h -20°C). ‡ Caffeine stock solution, 1 mg/mL in mobile phase.
